What can be done to empower students to be creative when they are faced with problems? One promising instructional technique for improving students' understanding of scientific explanations is the use of conceptual models. This review examines three predictions concerning the effects of conceptual models on students' understanding of scientific prose: that models improve recall of conceptual information, decrease verbatim retention, and increase creative solutions on transfer problems. In a review of 20 studies involving 31 separate tests, results consistently indicated that models can help lower aptitude learners to think systematically about the scientific material they study. The goal of this review is to examine one promising technique for helping students to learn new material in ways that allow them to be creative when faced with problems. In particular, this review examines the usefulness of providing conceptual models as aids to students' understanding of scientific explanations. For purposes of this review, a conceptual model is defined as words and/or diagrams that are intended to help learners build mental models of the system being studied; a conceptual model highlights the major objects and actions in a system as well as the causal relations among them.' For purposes of this review, understanding refers to a student's ability to creatively use presented information to solve transfer problems.
When the great Gestalt psychologist, Max Wertheimer, proposed these questions to his seminar students in 1936, no one responded. Indeed, in Wertheimer's day there was not a sufficient research base to provide the illuminating answers that these challenging questions deserved. In the half century that has elapsed, and particularly in the last decade, however, cognitive theories of learning and transfer have emerged that may be able to shed more light (Ausubel, 1968; Cormier & Hagman, 1987; Gentner & Stevens, 1983; Mayer, 1987a; West & Pines, 1985) .
The goal of this review is to examine one promising technique for helping students to learn new material in ways that allow them to be creative when faced with problems. In particular, this review examines the usefulness of providing conceptual models as aids to students' understanding of scientific explanations. For purposes of this review, a conceptual model is defined as words and/or diagrams that are intended to help learners build mental models of the system being studied; a conceptual model highlights the major objects and actions in a system as well as the causal relations among them.' For purposes of this review, understanding refers to a student's ability to creatively use presented information to solve transfer problems.
For example, suppose that we asked some students to read a passage about radar. What can we do to help students learn about radar in ways that will enable them to use what they have learned to generate creative solutions to transfer problems? In short, we want our students to be able to answer questions that were not part of the lesson, such as, "How can you increase the area under radar surveillance?" One relatively modest instructional manipulation that might help is to provide a diagram, such as in Figure 1 , that spells out the major objects (such as transmitter, receiver, pulse, remote object, etc.) and major actions (such as transmission, reflection, reception, etc.) in a radar system and that shows the causal relations among actions. A Model of Meaningful Learning In order to conduct this review on models for understanding, it is first necessary to outline the relevant components in the teaching/learning process: learner characteristics, learning material, instructional method, learning processes, learning outcome, and performance. These components are summarized in Figure 2 .
Learner characteristics. Novices. Learner characteristics refer to the preexisting knowledge and capacities that the learner brings to the learning situation. For the purposes of this review, I focus on novices rather than experts, that is, on students who lack prerequisite knowledge and capacities for the subject domain. These less skilled students are most likely to benefit from direct instruction in how to construct a conceptual model for the to-be-learned material, whereas more skilled students are likely to already possess and spontaneously use sophisticated conceptual models that may conflict with models presented during instruction.
To-be-learned material: Systems. The to-be-learned material is the subject-matter content that is presented for the student to acquire. For purposes of this review, I focus on explanative material (Mayer, 1985 (Mayer, , 1987b , that is, on material that explains how some system works. A system is a coherent collection of parts that interact (Simon, 1969) . Examples include technological devices such as radar Modelsfor Understanding FIGURE 2. Components in the teaching/learning process systems, cameras, and braking systems; scientific explanations such as the nitrogen cycle, Ohm's law, or the concept of density; and programming languages such as BASIC or data management systems. Explanative material allows students to think systematically, that is, to build and use models that explain the information. I have focused this review on explanative material because meaningful methods of instruction can only have an effect for learning of material that is potentially meaningful. Unfortunately, much of the material in science textbooks does not meet this criterion (White & Mayer, 1980) . The left column of Table 1 lists the topics that were taught in the studies included in this review.
Instructional method: Models. Instructional method refers to the way in which the material is presented to the student. For purposes of this review, I focus on one promising technique for fostering meaning learning of the material, namely, the use of conceptual models that spell out the major parts, states, and actions in 
Model
Example transfer problem
Figure 1
How can you increase the area under radar surveillance? Figure 5 How is resistance like pushing a wheelbarrow up a ramp? Figure 6 If heat applied to an object increases its volume, what happens to the density of that same object when it is heated? Figure 7 Tell the problem that is solved by a given program.
Figures 8
Tell what task is accomplished by a given & 12
program. Figure 9 If you used only natural means, how could you make the soil richer in nitrogen for use by plants? Figure 10 How would you set a camera to take a picture of a pole vaulter on a cloudy day? Figure 11 What could be done to improve the reliability of brakes? Learning processes.' Selecting, organizing, and integrating. Learning processes refer to the way in which students encode to-be-learned information. The mode of instruction is intended to affect the way that students select, organize, and integrate information (Mayer, 1984) . In this review, I focus on three specific processes: models are expected to guide students' selective attention toward the conceptual information in the lesson (i.e., the major objects, states, and actions, and the causal relations among them), to organize the information around coherent explanations (i.e., build internal connections), and to integrate the information with existing relevant knowledge (i.e., build external connections). Appendix A summarizes definitions and examples from the radar passage of these types of cognitive processes, and Appendix B elaborates on the examples. Figure 3 shows an information processing model for describing meaningful learning processes. The boxes in the model refer to short-term (or working) and long-term memory stores; the arrows refer to processes, including selecting information to pay attention to (i.e., arrow from input to short-term memory), organizing incoming information in short-term memory (i.e., arrow from short-term memory to short-term memory), integrating prior knowledge from long-term memory with incoming information (i.e., arrow from long-term memory to shortterm memory), and encoding the resultant learning outcome in long-term memory (i.e., arrow from short-term memory to long-term memory).
Learning outcomes: Understanding. The outcome of learning refers to the knowledge that the student acquires as a result of the learning processes. Students given model instruction may be more likely to build mental models of the systems they are studying and to use these models to generate creative solutions to transfer problems. In short, these students may be better able to engage in systematic thinking. In each study reviewed in this paper, the transfer test involves answering questions that go beyond both the passage and the model. In summary, this review examines published research studies-all conducted over the past 15 years in my laboratory-that meet four criteria. First, the learners must be novices rather than experts. Second, the to-be-learned material must be explanative rather than descriptive or narrative. Third, the major independent variable must be whether conceptual models are used as aids to instruction. Fourth, the major dependent measures must be recall of conceptual information, retention of material in verbatim format, and/or creative problem-solving transfer perform-
NON-EXPLANATIVE LEARNING MATERIAL HIGHLY SKILLED LEARNER CHARACTERISTICS UNSELECTIVE LEARNING PROCESS UNORGANIZED LEARNING PROCESS UNINTEGRATED LEARNING PROCESS NO EVIDENCE OF MEANINGFUL LEARNING

EVIDENCE OF MEANINGFUL LEARNING DUE TO MODELS FIGURE 4. Conditionsfor meaningful learning
ance rather than the more traditional measures of overall amount recalled and/or overall performance on comprehension tests.
Finally, this review examines three specific predictions based on the foregoing analysis of learning processes and outcomes. First, model students should recall more conceptual information than control students. This prediction follows from the idea that models guide students' selection of material for learning. Second, model students should be less likely to retain the material in verbatim form as compared to control students. This prediction follows from the idea that models encourage students to reorganize and integrate the acquired information. Third, model students should generate more creative solutions to transfer problems than control students. This prediction follows from the idea that students who have built useful mental models will be better able to make novel inferences by "running" (deKleer & Brown, 1981) their models.
Research on Models for Understanding
Model Before the Lesson This section reviews a series of studies in which a conceptual model was presented prior to a lesson, as summarized in the top portion of Table 2 .
Radar. In a recent study (Mayer, 1983 , Experiment 1), students listened to a 640-word lecture on how radar works, adapted from The Encyclopedia of How It Works (Clarke, 1977) . Prior to hearing the lecture, some students had 1 minute to examine a model sheet, as shown in Figure 1 , whereas other students did not. Although the information in the model was redundant with information in the lecture, the model served to highlight and organize the main steps and elements in radar processing as had been determined in previous analyses (Mayer & Cook, 1980) . For example, the model used a set of five concrete diagrams to represent the five major steps in radar processing: transmission, reflection, reception, measurement, and conversion. In addition, the model concretized the major elements in the system: the radar pulse, the remote object, the transmitter, the receiver, the clock, and the converter. Consistent with our predictions that model training would elicit systematic thinking, the model students recalled 57% more of the conceptual information, scored 14% lower in verbatim retention, and generated 83% more correct answers on problem-solving transfer as compared to control students.
Ohm's law. In a similar study (Mayer, 1983 , Experiment 2), students listened to a 390-word lecture on Ohm's law taken from a high school physics textbook (Herron, Palmer, & Joslin, 1972) . Prior to hearing the lecture, some students were given 1 minute to examine a model sheet, as shown in Figure 5 , whereas other students were not. The model consisted of four labeled diagrams that emphasized the major elements and states in electrical flow as identified in previous analyses of the major concepts underlying Ohm's law (White & Mayer, 1980) . In particular, the diagrams provided models for concretizing the concepts of circuit (i.e., a battery, a bulb, and connecting wires allow continuous electrical flow), potential difference (i.e., a battery produces negative and positive particles), current (i.e., electrons flow through a wire), and resistance (i.e., obstacles in a wire slow electrical flow). The model is similar to some aspects of the flowing water and teeming crowd analogies used by to help students understand the concept of electrical flow. As predicted, the model students recalled 120% more of the conceptual information than the control students. Density. Mayer, Dyck, and Cook (1984, Experiment 1) asked students to read a 450-word passage on density that was representative of high school physics textbooks. Prior to reading the passage, some students were given a model sheet, as summarized in Figure 6 , whereas other students were not. The model showed a diagram of a cube of city air along with a verbal definition of volume and a diagram showing particles in a cube of city air along with a definition of mass. Thus, the model helped concretize the concept of volume as a three-dimensional container and mass as the amount of material in the container. As predicted, the model students recalled 144% more of the conceptual information, scored 26% lower on FIGURE 6. Model for understanding density verbatim retention, and solved 45% more of the transfer problems than the control students. Data base system programming. In a series of three studies, students read a 10-page manual for using a data base management system (Mayer, 1980 , Experiments 1, 4, & 5). Some students were introduced to a concrete model of the computer system prior to reading the manual (model group), whereas other students were not (control group). As shown in Figure 7 , the model of the computer included a file cabinet to represent long-term storage of records; an in basket, a save basket, and a discard basket to represent the sorting function of the system; an erasable scoreboard with labeled spaces to represent data tabulation; and a note pad to represent the output function. Students given the model produced 92% and 129% more correct answers to tests of problem-solving transfer in a series of two experiments (Experiments 1 & 4, respectively); finally, model students recalled 26% more of the conceptual information than control students (Experiment 5).
BASIC computer programming. In a series of studies, students read a 10-page manual describing a simplified BASIC programming language (Mayer, 1976; Mayer & Bromage, 1980) . Some students were introduced to a concrete model of the computer system prior to reading the manual (model group) whereas others were not (control group). Figure 10 , the models described how fuzzy picture subjects and backgrounds are related to rays of light in the camera and how overexposed or underexposed or blurred pictures are related to the amount and timing of light entering the camera and the particle density of the film. The results indicated that the model students exhibited systematic thinking by producing 29% more creative problem-solving answers than the control students.
Brakes. In a recent set of studies carried out in our laboratory (Mayer, in press, Experiment 1 & Experiment 2), students read a 1200-word passage on how brakes work, adapted from the World Book Encyclopedia (1986). Some students read passages that included four labeled diagrams, as summarized in Figure 11 , whereas others read passages without diagrams. The diagrams showed the major parts of the brakes-such as cylinders, pistons, tubes, drums, and shoes for hydraulic brakes-and showed the major chain of events when the brake pedal is activatedsuch as the piston moving forward in the master cylinder, brake fluid moving through the tube to the wheel cylinder, the wheel moving forward, the brake shoe pressing into the brake drum, and the wheel slowing down. The words used in the diagrams were identical to those used in the text. In the two studies, respectively, the model students recalled 46% and 23% more of the conceptual information, scored 5% and 8% lower on verbatim retention, and produced 61% and 65% more creative solutions to transfer problems as compared to the control students.
BASIC computer programming. Complementing the foregoing studies on computer programming, another series was conducted in which students read BASIC programming manuals that either contained and referred to a concrete model (model group) or did not (control group). 
A piston moves forward inside the master cylinder (not shown).
The piston forces brake fluid out of the master cylinder and through the tubes to the wheel cylinders.
In the wheel cylinders, the increase in fluid pressure makes a set of smaller pistons move.
When the brake shoes press against the drum both the drum and the wheel stop or slow down. which students who learn with concrete models recall more conceptual information, perform more poorly on verbatim retention of information, and most important, generate more creative solutions on transfer problems, as compared to students who learn without models. Table 3 summarizes how well these three predictions were supported by the research results. Prediction 1. Models will improve conceptual retention. The first prediction is that conceptual recall will be higher for the model group than the control group. The rationale for this prediction is that the model helps students direct their attention toward the conceptual objects, locations, and actions described in the lesson. As summarized in Table 3 , there were 10 separate tests in which the conceptual recall of a model group was compared to the conceptual recall of a control group. In all 10 tests, the model group outperformed the control group with a median improvement of 57%. Prediction 2: Models will reduce verbatim retention. The second prediction is that verbatim retention will be lower for the model group than the control group. The rationale for this prediction is that the model helps students reorganize the material to fit in with their conceptual model and when students actively reorganize the material they tend to lose the original presentation format. In five separate comparisons of the verbatim retention by model and control students, the control students outperformed the model students in all five tests. The median reduction in performance for the model students was 14%, as summarized in Table 3 . Prediction 3. Models will improve problem-solving transfer. The most crucial prediction is that models will improve the ability of students to transfer what they have learned to creatively solving new problems. The ability to generate novel solutions to new problems is the hallmark of systematic thinking; if students have built models that they can mentally manipulate, they will be better able to solve transfer problems. As summarized in Table 3 , this review yielded 16 separate comparisons between model and control students on problem-solving transfer; in each of these comparisons, the model group outperformed the control group, with a median improvement of 64%.
These results provide consistent support for the idea that conceptual models for scientific text can lead to changes in the way that students think about the material. It should be noted that this review has focused on dependent measures-conceptual recall, verbatim retention, and problem-solving transfer-that are intended to evaluate differences in systematic thinking. Had we focused on traditional measures such as overall amount recall or overall amount correct on a comprehension test, we would not have found strong differences between model and control groups. What is wrong with overall recall or comprehension performance? These measures are not useful for the present review because they do not provide information concerning how models help students to select, organize, and use scientific information. In contrast, to examine students' uriderstanding requires a focus on the three dependent measures used in this study as well as more fine grained analyses that should be a part of future research.
How Should Conceptual Models Be Used in Instruction?
Although this review provides a consistently affirmative answer to the question of whether models can foster student understanding, it also raises several additional questions concerning the what, when, where, who, and why of using conceptual models in instruction. Question 1. What is a good model? The first question concerns the characteristics of good models. Of course, this question must be revised in order to describe the purpose of the model; in light of this review we can ask: "What is a good model for improving novices' transfer performance?" The foregoing review suggests, but does not adequately test, several characteristics of good models for transfer that warrant future research study:
Complete. Good models contain all of the essential parts, states, or actions of the system as well as the essential relations among them, so that the learner can be able to see how the system works.
Concise. Good models are presented at a level of detail that is appropriate for the learner. Rather than provide so much detail that the student is overwhelmed, good models summarize and epitomize the system they seek to explain. Rather than provide a "blood and guts" description of each part, good models describe the general functions of each part. Each of the models described in this review involved a small number of steps or states-generally about five-and only a few partsgenerally less than a dozen.
Coherent. Good models make intuitive sense to the learner so that the operation is transparent; the model or analogy used is a logical system that contains parts and rules for how the parts interact.
Concrete. Good models are presented at a level of familiarity that is appropriate for the learner, including physical models or visual models.
Conceptual. Good models are based on material that is potentially meaningful, that is, on material that explains how some system operates.
Correct. Good models correspond at some level to the actual events or objects they represent. The major parts and relationships in the model correspond to the major parts and relationships in the actual object or event.
Considerate. Good models are presented in a manner that is appropriate to the learner, using learner appropriate vocabulary and organization.
In short, models are "good" with respect to certain learners and certain instructional goals. The current review, although consistent with the seven characteristics listed above, does not confirm them. Systematic research is needed to identify the relative contributions of each characteristic and to establish better operational definitions of each.
Question 2: Where should models be used? The second question concerns the conditions under which models should be used. In the foregoing review, models were effective for explanative material, that is, material that explained how some system worked. Correspondingly, visual mnemonic techniques have been shown to be highly effective for helping students to remember rote lists and paired associates (Levin, 1981) .
Question 3: When should models be used? The third question concerns the placement of models within a lesson. Several of the studies in the foregoing review provided evidence that models are effective when placed either before or integrated within a lesson but not when placed after a lesson (Mayer, 1976 (Mayer, , 1980 Mayer & Bromage, 1980) . Question 4: Who is a model goodfor? The fourth question asks about individual differences in the effectiveness of models. The results summarized in Table 3 are based on students who had low prior knowledge and low aptitude for the material in the lesson. In studies that also included high-aptitude students, the positive effects of models on systematic thinking were eliminated; for example, high-aptitude model students did not perform better than high-aptitude control students on problem solving (Bayman & Mayer, 1988; Mayer, 1980 , Experiment 4) or on recall of conceptual information (Mayer & Bromage, Experiment 1). The high-aptitude students are more likely to come to the lesson with already existing models (or the ability to rapidly construct them); for these students, the simplified, teachergenerated models in the model groups may conflict with their more sophisticated models.
Question 5. Why use models? The final question concerns instructional goals. The models described in the foregoing review were intended to foster student understanding, as manifested in creative problem-solving transfer performance. When the goal of instruction is student understanding of potentially meaningful explanations, conceptual models can be effective tools. Apparently, conceptual models can provide an assimilative context for students to build useful mental models.
In summary, the results of this review encourage continued development of theory and practice for using models to promote understanding. One particularly exciting avenue concerns the role of interactive computer graphic simulations as a vehicle for expanding the power of conceptual models (White, 1984) .
APPENDIX A Three types of cognitive processing
Guide attention Definition: Reader transfers certain idea units from the passage to short-term memory. Example:
Reader attends to 20 of the 78 idea units in the radar passage.
Build internal connections Definition: Reader organizes idea units in short-term memory into coherent structure. Example:
Reader uses 'process' structure, so that idea units are arranged into five steps (see Appendix B).
Build external connections Definition: Reader integrates new structure with existing knowledge in long-term memory. Example:
Reader relates radar to bouncing ball (see Appendix B).
APPENDIX B Some internal and external connections for the radar passage
Internal connections
Transmission: First, a radio pulse is sent out from an antenna. Reflection: Second, the pulse strikes a remote object. Reception: Third, the reflected pulse returns to the antenna. Measurement: Fourth, the trip out and back takes a certain amount of time. Conversion: Fifth, this time corresponds to the distance of the remote object.
External connections
Transmission is like throwing a ball. Reflection is like the ball hitting a wall. Reception is like catching the ball after it bounces off the wall. Measurement is like determining how long it took for the ball to come back. Conversion is like noticing that the further away you are from the wall the longer it takes for the ball to come back. Note A conceptual model can be thought of as a special kind of comparative advance organizer (Ausubel, 1968) or a special kind of text illustration (Lumsdaine, 1963) , that is, as an organizer or illustration that shows how the parts and operations of a system fit together.
